Stem cells are responsible for organogenesis, but it is largely unknown whether and how information from stem cells acts to direct organ patterning after organ primordia are formed. It has long been proposed that the stem cells at the plant shoot apex produce a signal, which promotes leaf adaxial-abaxial (dorsoventral) patterning. Here we show the existence of a transient low auxin zone in the adaxial domain of early leaf primordia. We also demonstrate that this adaxial low auxin domain contributes to leaf adaxial-abaxial patterning. The auxin signal is mediated by the auxin-responsive transcription factor MONOPTEROS (MP), whose constitutive activation in the adaxial domain promotes abaxial cell fate. Furthermore, we show that auxin flow from emerging leaf primordia to the shoot apical meristem establishes the low auxin zone, and that this auxin flow contributes to leaf polarity. Our results provide an explanation for the hypothetical meristem-derived leaf polarity signal. Opposite to the original proposal, instead of a signal derived from the meristem, we show that a signaling molecule is departing from the primordium to the meristem to promote robustness in leaf patterning. Extensive molecular genetic studies of more than a decade have identified a transcriptional regulatory network containing several adaxially or abaxially expressed leaf abaxial-and adaxialpromoting genes (1-6). These genes encode transcription factors and small RNAs, and their domain-specific expression patterns are required for adaxial-abaxial asymmetric cell differentiation and lamina expansion. Regulatory genes expressed in the abaxial domain suppress those expressed in the adaxial domain and vice versa. MicroRNAs 165 and 166 (MiR165/166) and transcription factor-encoding KANADI (KAN) genes are expressed in the abaxial domain and restrict the expression of class III homeo-
Stem cells are responsible for organogenesis, but it is largely unknown whether and how information from stem cells acts to direct organ patterning after organ primordia are formed. It has long been proposed that the stem cells at the plant shoot apex produce a signal, which promotes leaf adaxial-abaxial (dorsoventral) patterning. Here we show the existence of a transient low auxin zone in the adaxial domain of early leaf primordia. We also demonstrate that this adaxial low auxin domain contributes to leaf adaxial-abaxial patterning. The auxin signal is mediated by the auxin-responsive transcription factor MONOPTEROS (MP), whose constitutive activation in the adaxial domain promotes abaxial cell fate. Furthermore, we show that auxin flow from emerging leaf primordia to the shoot apical meristem establishes the low auxin zone, and that this auxin flow contributes to leaf polarity. Our results provide an explanation for the hypothetical meristem-derived leaf polarity signal. Opposite to the original proposal, instead of a signal derived from the meristem, we show that a signaling molecule is departing from the primordium to the meristem to promote robustness in leaf patterning. Extensive molecular genetic studies of more than a decade have identified a transcriptional regulatory network containing several adaxially or abaxially expressed leaf abaxial-and adaxialpromoting genes (1) (2) (3) (4) (5) (6) . These genes encode transcription factors and small RNAs, and their domain-specific expression patterns are required for adaxial-abaxial asymmetric cell differentiation and lamina expansion. Regulatory genes expressed in the abaxial domain suppress those expressed in the adaxial domain and vice versa. MicroRNAs 165 and 166 (MiR165/166) and transcription factor-encoding KANADI (KAN) genes are expressed in the abaxial domain and restrict the expression of class III homeodomain leucine zipper (HD-ZIPIII) genes PHABULOSA, PHAVOLUTA, and REVOLUTA (REV) to the adaxial domain (7, 8) , and KANs directly repress LOB-domain gene ASYM-METRIC LEAVES2 (AS2), another adaxial regulator (9) . The trans-acting short interfering RNA3 (TAS3), another small RNA, is expressed on the adaxial side to restrict their targets, ARFdomain genes ETTIN (ETT, also known as ARF3) and ARF4, to the abaxial domain (10) (11) (12) . In addition, AS2 also directly suppresses ETT expression in the adaxial domain (13) . However, HD-ZIPIII directly activates the expression of HD-ZIPII genes in the adaxial domain (14, 15) . It is conceivable that incipient leaf primordia may be prepatterned into adaxial and abaxial domains (16) , because REV and KAN1 are restricted very early to the adaxial domain and the abaxial domain of incipient floral meristem, respectively (17, 18) . These and additional mutual repression and positive regulatory interactions can confine and stabilize gene expression regions to fine-tune leaf polarity.
Classical microsurgical experiments indicated that leaf adaxialabaxial polarity also depends on the SAM (19, 20) . A "Sussex signal" has been proposed as a hypothetical molecule that passes from the SAM to the adaxial domain of an incipient leaf primordium to promote adaxial domain formation (19) . Surgical experiments have demonstrated that the Sussex signal is transmitted mainly through the epidermal (L1) layer (20) . The hypothetical Sussex signal is a proposed example of organ patterning directed by stem cells through long-distance coordination after organ formation. Several proposals have been made to explain the Sussex experiment. Small RNAs, including TAS3 and miR165/ 166, can move between the adaxial and abaxial domains to direct polarity (7, 12) . A recent study found that succinic semialdehyde (SSA) inhibits abaxial domain development and proposed that a γ-aminobutyric acid (GABA) shunt metabolite, SSA or related derivatives, are potential transmissible signaling molecules (21) . Nevertheless, it remains to be tested whether small RNAs or any GABA shunt metabolite can move between the meristem and leaves. Therefore, the chemical basis of this signal remains an enigma, as does its mode of transmission, and how it acts in leaf polarity (1) (2) (3) (4) (5) (6) .
Significance
Stem cells not only initiate organs, but may also contribute to organ patterning, at least in the shoot apex of flowering plants: classical microsurgical experiments imply that the shoot apical meristem promotes development of the leaf adaxial side, i.e., the upper side. In this study, we show the existence of a transient low auxin zone in the adaxial side that contributes to adaxial development. We further find that this adaxial low auxin zone results from auxin transport from leaves to the shoot apex. Thus, it is not a positive signal from stem cells, but departure of a signaling molecule from primordia to stem cells, that delivers polarity information-opposite to what is generally assumed.
In this study, we investigated the role of auxin distribution dynamics in leaf polarity formation in tomato and Arabidopsis. Using an auxin sensor in Arabidopsis, we show in living SAMs that there is a transient low auxin zone in the adaxial domain of early leaf primordia. Furthermore, we show that ectopic adaxial application of auxin in tomato or ectopic adaxial activation of the auxin responsive transcription factor MONOPTEROS (MP, also known as ARF5) in Arabidopsis interferes with polarity. Auxin depletion from the leaf adaxial domain is mediated by PIN-FORMED1 (PIN1), and we demonstrate that localized inhibition of auxin transport between leaf primordia and the SAM induces leaf polarity defects. We also found that auxin efflux mutants show defects in leaf adaxial-abaxial polarity. These results suggest that auxin movement between leaf primordia and the SAM establishes a transient adaxial low auxin domain, which contributes robustness to leaf polarity. The Sussex signal, or a component of it, may therefore be auxin flow out of leaves into the meristem through dynamic reorganization of the PIN1 pump network, rather than a signal from the meristem to developing leaves.
Results
Transient Adaxial Low Auxin Zone Contributes to Leaf Polarity. Recent studies have shown that formation of a region of low auxin accumulation is involved in specification of valve margins in the silique, and for axillary meristem initiation (22) (23) (24) , indicating that formation of local auxin minima may be a general mechanism in organ patterning.
To test whether a low auxin region exists in leaf development, we imaged the auxin signaling sensor DII-Venus signal in developing leaves of the shoot apex in Arabidopsis (25). We observed a strong DII-Venus signal (indicating lower auxin) in the adaxial side compared with the abaxial side of emerging leaf primordia, from P 1 , which designates the youngest primordium (with I 1 designating the oldest incipient primordium), until P 9 ( Fig. 1 A and B and Fig. S1 ). During leaf maturation, the adaxial low auxin domain disappears in P 10 and older leaves, but the boundary low auxin region continues to exist (22, 23) , suggesting the existence of a transient adaxial low auxin zone.
To test whether the observed adaxial low auxin zone is related to polarity formation, we locally applied lanolin containing either auxin (indole-3-acetic acid; IAA), or auxin analogs (napthaleneacetic acid; NAA or 2,4-dichlorophenoxyacetic acid; 2,4-D) specifically to the adaxial side of newly formed primordia I 1 /P 1 in tomato (Fig. S2A ), which has a more accessible shoot apex than Arabidopsis. To test whether the effect of lanolin paste is restricted to the cells to which it was applied, we treated a P 1 primordium with lanolin paste containing IAA on only one side. Exogenous auxin treatment is expected to convert compound leaves to simple leaves (26) . We reproducibly observed conversion to simple leaves only at the treated side (Fig. S3 ), indicating that lanolin paste treatment had only local effects within a leaf, although phyllotaxis can be altered. Consistently, adaxial IAA treatment was able to induce a shift of auxin signaling, indicated by the synthetic pDR5::3×Venus-N7 reporter (27) , to the adaxial domain in tomato ( Fig. S4 A and B) .
We found that adaxial IAA treatment can induce leaf polarity defects with conversion of adaxial identity to abaxial identity ( . By contrast, IAA application to the abaxial side, which should enhance the gradient, generally did not affect adaxial-abaxial polarity (93 of 96), as reported (28) . In addition, when we applied IAA to the entire leaf primordia, we found that polarity remains normal although most treated leaves bent toward the shoot apex (69%, 76 of 111; Fig. S7 ). Consistent with the transient nature of this leaf auxin gradient ( Fig. 1 A and B) , auxin treatment of leaf primordia older than P 1 no longer affect polarity. These results indicated that low auxin concentration in the adaxial side of an early leaf primordium contributes to development or maintenance of adaxial fate. The adaxial-abaxial difference in auxin concentration may affect adaxial-abaxial symmetry by inducing differential downstream gene expression. Supporting this hypothesis, we found that the transient low auxin zone in the adaxial domain contributes to suppression of transcriptional activity of MP, a component in auxin signaling (29, 30) , to promote abaxial cell fate.
We detected MP-GFP expression in the entire young leaf primordium with adaxial enrichment in wild-type Arabidopsis plants ( Fig. 2A and Fig. S8 ), partially overlapping with the adaxial low auxin domain (Fig. 1 A and B and Fig. S1 ). The distribution of MP and auxin in young leaf primordia implies that normal MP cannot activate auxin signaling in the adaxial domain, but more likely in the middle domain in between the adaxial and abaxial sides. Consistent with this hypothesis, we observed auxin signaling, reported by the DR5 reporter, in the middle domain of leaf primordia (Fig. S4A) . It was recently reported that truncated alleles of MP (termed MPΔ) that escape auxin regulation and become constitutively active without auxin, but not loss-of-function alleles, cause leaf polarity defects, although the underlying mechanism was unclear (31, 32) . We observed abaxial fate transition in trumpet-like leaves of transgenic pMP::MPΔ Arabidopsis plants based on vascular tissue structure and mesophyll morphology (Fig. 2B, Fig. S9 , and Table S1 ). The truncated MPΔ is expected to activate ectopic auxin signaling in the adaxial domain, which would trigger leaf polarity defects. To determine whether the leaf polarity defect was caused by ectopic MP activity in the adaxial domain, we expressed MPΔ from the AS2 promoter in Arabidopsis. Although the AS2 promoter is activated in only the adaxial epidermis after leaf establishment (33), we could detect polarity defects in these pAS2::MPΔ plants (Fig. 2C) , resembling those observed in transgenic pMP::MPΔ lines (Fig. 2B) (32) . Mesophyll morphology and vascular tissue structure clearly indicated conversion of adaxial identity to abaxial identity (Fig. 2  D-G) . On the contrary, expressing MPΔ in the boundary zone or in the abaxial domain did not cause polarity defects. In addition, ubiquitous MP overexpression does not lead to leaf polarity defects (34, 35) . It is thus conceivable that the transient low auxin concentration in the adaxial domain and the resulting auxin gradient establishes a gradient of MP activity that acts to ensure normal establishment or maintenance of adaxial cell fate.
The Adaxial Low Auxin Zone Results from Polar Auxin Transport. The distribution of auxin in the SAM depends largely on auxin transport, especially auxin efflux, which is directed by the polar subcellular localization of PIN1 auxin efflux transporter in the plasma membrane in the epidermal layer cells (17, 36) . PIN1 mediated auxin transport in the SAM from all directions toward an incipient primordium acts to trigger the formation of a new primordium (17, 36) . However, PIN1 polarity reverses and directs back toward the meristem center from early developing leaves, although the exact stage at which this reversal occurs is not known (17, 22, 23, 37) .
To better resolve PIN1 dynamics during leaf initiation, we used live imaging of PIN1 polarization in tomato vegetative SAMs. In tomato plants expressing a pAtPIN1::AtPIN1-GFP transgene (37), we found that the auxin flux reversal is tightly associated with leaf initiation (Fig. 3A and Fig. S10A ) (17) . At the I 1 stage, PIN1-GFP polarity is directed toward this site from the surrounding area. When an incipient primordium reaches the P 1 stage, epidermal PIN1-GFP adaxial to the primordium reverses polarity from being directed toward the primordium to being directed back toward the meristem and the next incipient primordium (Fig. 3A and Fig. S10B ). The PIN1-GFP reversal is maintained afterward. We thus concluded that the auxin flux reversal starts around the same time when leaves initiate.
We and others have recently shown that PIN1-mediated auxin transport induces an auxin minimum at the leaf axil (22, 23, 25) . We reasoned that the adaxial side reversal of PIN1 polarities may also lead to the adaxial low auxin domain. To test this hypothesis, we monitored DII-Venus signals (indicating lower auxin) before and after auxin polar transport inhibitor 1-Nnaphthylphthalamic acid (NPA) treatment. As shown by live imaging, the boundary and adaxially enriched DII-Venus signal was evident in the first pair of true leaves 60 h after germination in Arabidopsis (Fig. 3B) . The enriched DII-Venus signal mostly disappeared after a 5-h NPA treatment (Fig. 3C) . Thus, auxin efflux is required for the transient adaxial low auxin domain formation, in addition to the boundary auxin minimum.
Inhibition of Auxin Transport Between Leaf Primordia and the SAM
Induces Leaf Polarity Defects. To test whether PIN1-directed auxin flux from leaf primordia toward the meristem center affects polarity, we locally manipulated auxin efflux in tomato, similarly to our adaxial application of auxin experiment. In the tomato shoot apex, we disturbed the auxin flux by drawing a thin line (∼20 μm or ∼2 cells in width) of lanolin paste containing NPA or the vesicle trafficking inhibitor brefeldin A (BFA), which also blocks auxin efflux, between I 1 and the remainder of the (Fig. 3D and Figs. S4C and S11 ). We found that such NPA or BFA separation of I 1 from the SAM altered the auxin flux. Similar to untreated plants (Fig. 3A and Figs. S10 A and B) , we inferred auxin flow from the boundary toward the SAM in mock-treated pAtPIN1::AtPIN1-GFP tomato plants 24 h after treatment (Fig. S11) . In contrast, we observed cells between the lanolin line and the boundary transport auxin toward the leaf after NPA treatment, based on PIN1-GFP localization (Fig. 3D  and Fig. S10C) . Similarly, adaxial-specific IAA treatment partially altered the auxin flux ( Fig. 3E and Fig. S10D ), suggesting that local NPA and BFA treatment can alter auxin flux in the tomato shoot apex.
NPA/BFA treatment is expected to trap some of the auxin that would have been transported away in the primordium on the adaxial side to activate ectopic adaxial auxin signaling. Indeed, we observed strong auxin signaling shift toward the adaxial domain after NPA treatment (Fig. S4C ) which is again similar to adaxial-specific IAA treatments. Because ectopic adaxial IAA application can alter auxin flux in the shoot apex, these results also suggest feedback between auxin distribution and transport during early leaf primordial development.
We observed defects in adaxial-abaxial polarity in primordia ∼7 d after NPA (34 of 128) or BFA (33 of 108) local treatment in tomato (Fig. 4 and Fig. S12 ). Both epidermal morphology and vascular tissue structure of the radial leaves represent a conversion of adaxial identity to abaxial identity in these radially symmetric leaves (Fig. 4D and Figs. S6 and S12) (20) . In addition to polarity defects, we found distorted phyllotactic patterns and loss of lateral leaflets at a high frequency (Fig. S13 ), which were also found when IAA or auxin analogs were applied to the adaxial domain. These results support our hypothesis that auxin flux from leaf primordia toward the meristem center leads to reduced auxin accumulation in the adaxial domain, which further affects polarity.
Based on our hypothesis, if we move NPA treatment closer to the primordium at the boundary zone, we would expect a reduced amount of auxin trapped in the primordium adaxial domain. We tested this hypothesis and found that auxin signaling was not shifted toward the adaxial domain (Fig. S4D) . Consistently, we did not observe patterning defects after NPA treatment at the boundary zone (143 of 144) (Fig. S12F) . In addition, absence of ectopic adaxial auxin signaling and absence of patterning defects (77 of 79) were observed after NPA-containing lanolin paste was applied to the center of leaf primordia (Fig. S4E and S12E) , implying that meristem auxin flow, rather than auxin flow within a leaf primordium, is acting in adaxial domain development.
Auxin Transport Deficiency Enhances Leaf Polarity Defects. To further understand whether auxin efflux contributes to leaf polarity, we examined leaf patterning in auxin efflux mutants. Consistent with previous reports that treatment by auxin polar transport inhibitors induces lateral organ adaxial-abaxial polarity defects in several dicot species (38, 39) , we found the formation of trumpet-like and rod-like leaves with polarity defects in Arabidopsis pin1 mutants (Fig. 5A, Fig. S14 A and B, and Table S1 ). In the strong pin1-1 allele, approximately one-quarter of all leaves have such polarity defects, and such leaves have abaxialized vasculature ( Fig. 5 C and D) . In the remaining pin1-1 leaves with normal shape, we observed internal anatomy difference of mesophylls ( Fig. 5 E and F) . In wild-type plants segregated from pin1-1/+, there is a steep contrast of adaxial and abaxial mesophyll morphology in cross-sections of the leaf blade: Cells in the adaxial two layers are larger, round, and densely packed, whereas cells in the abaxial tow layers are star-shaped and are separated by spacious air spaces. Adaxial mesophyll cells also have higher chloroplast density than abaxial ones (Fig. 5E ). In pin1-1, the adaxial-abaxial gradient in cell density, cell shape, cell size, and chloroplast density is less pronounced ( Fig. 5F; 7 of 7) .
Furthermore, we found synergistic effects on adaxial-abaxial polarity when auxin transport and REV, an HD-ZIPIII transcription factor important for adaxial cell fate, are both impaired. Although we did not observe leaf defects in adaxial-abaxial polarity in single Arabidopsis mutants of rev or pinoid (pid), a regulator of PIN protein activity, we found radial leaves in pid rev double mutants ( Fig. 5B and Table S1 ). Similarly, the polarity defect of pin1 is significantly enhanced by rev so that close to one-half of all leaves are either trumpet-like or rod-like in pin1 rev (Fig. S14 C-E and Table S1 ). In the rest of leaves with normal leaf shape, we found similar reduced adaxial-abaxial gradient of mesophyll cells. In addition, we found that vascular tissue in the petiole region, but not in the blade region, was abaxialized ( Fig. S15; 7 of 7) . In contrast, we found that vascular tissue has normal adaxial-abaxial organization in both the blade and the petiole of leaves from pin1-1/+ rev-6 siblings. These data supported a model that PINdependent auxin efflux plays a role in the formation of the adaxial low auxin domain, which subsequently can have effects in leaf polarity (Fig. 5G) .
Discussion
Whereas stem cells are responsible for organogenesis, it is not known whether and how information from undifferentiated stem cells directs organ patterning. We have identified a transient adaxial low auxin domain and have demonstrated that this low auxin domain contributes to leaf polarity patterning. Without the asymmetry in auxin distribution, both sides can take abaxial fate, suggesting that the adaxial low auxin domain is a causal, or at least permissive, element in establishing or maintaining adaxial fate. The transient adaxial low auxin domain disappears when leaf primordia reach P 9 ( Fig. 1 A and B and Fig. S1 ), which may be due to the balance between auxin transport and auxin biosynthesis: The adaxially expressed HD-ZIPIII proteins activate auxin biosynthesis (40) , which could eventually eliminate the adaxial low auxin zone. Because flower meristems occupy the majority of primordia after the floral transition, and floral meristem formation is associated with active auxin signaling (41, 42) , the adaxial low auxin zone may not exist during floral meristem formation (17) , but may, rather, be leaf-specific.
Our data further suggest that auxin activates MP to promote abaxial, or discourage adaxial, cell fate. Activating the transcription factor activity of MP independently of auxin control in the adaxial domain resulted in leaf polarity defects ( Fig. 2 and  Fig. S9 ). The adaxially enriched MP expression ( Fig. 2A and Fig.  S8 ) and abaxial-enriched auxin ( Fig. 1 A and B and Fig. S1 ) would result in highest auxin signaling in the middle domain (Fig. S4A) , which could act in both adaxial-abaxial and mediolateral polarity patterning (43) . We speculate that ectopic MP activities may promote middle domain identity in the adaxial domain to compete with the normal adaxial domain identity.
In addition, the abaxially enriched expression and activity of two other related ARFs, ETT and ARF4, that act in adaxialabaxial polarity (10, 11) may also stabilize the earlier cue provided by the auxin gradient along the adaxial-abaxial axis. However, ETT and ARF4 have limited interactions with auxin/ indole-3-acetic acid (AUX/IAA) proteins (25) , and they can function without domains for interaction with AUX/IAA proteins, which are repressors that can be directly degraded upon auxin sensing (30, 44) . MP, which acts mainly as an activator of transcription, and ETT and ARF4, which act mainly as repressors of transcription, have been shown to be able to bind the same DNA motifs thought to be present in the promoter of auxin-inducible genes (29) . These three transcription factors could thus act in a combinatorial fashion in translating the transient auxin gradient we observed into specific patterns of expression of genes involved in adaxial-abaxial polarity.
Furthermore, we showed that leaf to SAM auxin flow is responsible for the adaxial low auxin domain and, thus, acts as a signal influencing formation or maintenance of the leaf adaxial domain (Fig. 5G) . This auxin flow can explain at least in part the proposed Sussex signal from classical microsurgical experiments (19) . We obtained indistinguishable abaxialized leaves either by surgical or NPA/BFA separation of leaf primordia from the SAM at comparable frequency (Fig. 4 and Figs. S12 and S16). Both separation experiments, and adaxial auxin treatment experiment, specifically affect leaf polarity at the I 1 and P 1 stages. Also consistent with the L1-specific PIN1 distribution, surgical experiments have demonstrated that the proposed Sussex signal is transmitted mainly through the L1 layer (20) .
There has long been speculation that the classical microsurgical incision experiments cause inevitable tissue damage that leads to polarity defects (16) . Our experiments used minimally invasive approaches to ectopically elevate auxin content, to ectopically activate auxin signaling, or to locally block PIN function, and resulted in similar leaf polarity defects as those obtained by microsurgical incision. These results suggest the existence of a signal rather than a pure artificial effect caused by tissue damage. Neither microsurgical incision nor our experiments led to polarity defects in all leaves, suggesting that this signal contributes to, but is not completely necessary for, polarity.
The auxin signal communication between the developing leaf and the meristem contributes to the robustness of leaf polarity, as does the well-studied canonical transcriptional network (1-6). It has been proposed that incipient leaf primordia acquire a prepatterned adaxial-abaxial axis (16) , whereas the proposed meristem signal stabilizes and maintains this axis (5) . Modeling mutual inhibitory interactions between classical adaxial and abaxial genes suggested that a regulatory network containing only these two groups of genes is likely instable (45) . Auxin provides an additional signal to stabilize adaxial-abaxial patterning. Additive effects between auxin and classical polarity genes are supported by the observation of synergistic effects of double mutations in pid rev and pin1 rev on leaf polarity. Although neither strong pid nor rev alleles have leaf polarity defects, abaxialized leaves were found in pid rev double mutants, suggesting that auxin and REV act in parallel, and not in the same, pathways. In addition, the auxin signal likely reinforces the primary adaxial-abaxial field, because polarity defects were more often observed in mature leaves in auxin transport mutants (Fig. 5, Fig. S14 , and Table S1 ), in plants treated with auxin transport inhibitors (39) , and in MPΔ plants (Fig. 2, Fig.  S9 , and Table S1 ) (32) . Similar to leaf polarity, a recent report found that not one, but two, independent signaling mechanisms define phyllotaxis, the spatiotemporal pattern of leaves initiation at the meristem, leading to increased precision (46) .
The auxin transport-based signal identified in this work does not rule out other explanations for the Sussex experiment (19) . In addition to auxin, siRNAs, miRNAs, GABA shunt metabolites, and lipids are all candidates for a meristem-derived mobile signal. It remains to be tested whether the reported polarity defects observed in the classical Sussex experiment are caused by auxin transport alone or by multiple factors.
Materials and Methods
Tomato (Solanum lycopersicum) plants were grown in MS medium and grown under controlled conditions (25°C at 60% humidity, with 16 h of light and 8 h of dark), and Arabidopsis thaliana plants were grown in pots or in medium at 22°C with 16 h of light and 8 h of dark unless otherwise stated. Detailed plant materials and growth conditions, construction of transgenic plants, microsurgery, chemical treatments, immunohistochemistry, confocal microscopy, optical microscopy, electron microscopy, image processing, and other procedures are fully described in SI Materials and Methods.
